ABSTRACT Food safety of table eggs is vital since many pathogens can contaminate the unfertilized egg, leading to increased risk of foodborne illness for consumers. The eggshell cuticle is the first line of defense to restrict the entry of egg-associated pathogens, such as Salmonella Enteritidis. The thickness and completeness of coverage of the cuticle layer are heritable traits that are strongly associated with egg resistance to bacterial penetration. The present study characterizes the chemical composition of the eggshell cuticle and structure of pore plugs from table eggs. Eggs collected from both brown and white egg laying Lohmann flocks (early, mid, and late lay) were either unwashed or washed. Pore plugs were characterized using scanning electron microscopy (SEM), and elemental composition was determined using energydispersive x-ray spectroscopy (EDS). SEM observations confirmed that the plug formed by the cuticle layer within the eggshell pore remains firmly lodged throughout the commercial washing process. The eggshell thickness and cuticle pore length visualized in brown eggs was significantly higher than in white eggs in hens of all ages. EDS analysis revealed that the pore inner surface was enriched in phosphorus and chemically different from the surrounding bulk eggshell mineral. Detailed assessment of the cuticle chemical composition was performed by Fourier transform infrared spectroscopy (FTIR). Washing of eggs removed cuticle from the eggshell surface. There was a trend of lower cuticle coverage with increasing hen age for white eggs. A significant reduction in the amount of proteins and phosphates and polysaccharides was observed in the cuticle of brown unwashed eggs with hen age. In white unwashed eggs, amides and lipids decreased with hen age; by contrast, the amount of sulfate was highest at mid-lay. The results from our research will assist selective breeding programs that target cuticle integrity and pore plug stability to enhance egg resistance to pathogen penetration and improve food safety.
INTRODUCTION
The U.S. poultry industry is the world's secondlargest producer of table eggs; in 2014, the value of all eggs in U.S. production was US$10.2 billion, and annual consumption was 267 eggs per person (USDA, 2014) . However, contaminated egg products causing foodborne diseases can dramatically reduce consumer preference. Despite washing, some pathogens, including Salmonella Enteritidis, Bacillus cereus, and E. coli spp., are introduced into the food chain from contaminated eggs. For example, egg-transmitted Salmonella infection is associated with about 19,000 hospitalizations and 300 deaths annually in the United States (CDC, 2010) , while Bacillus cereus and various E. coli species cause around 20 and 2,390 annual hospitalizations, respectively (Scallan et al., 2011) . Microbes can infect eggs at different stages, including production, processing, preparation and consumption. For example, horizontal transmission occurs through penetration of the eggshell, while vertical transmission is tran-ovarian during egg formation (Gantois et al., 2009 ). The cuticle, together with the mineralized shell and shell membranes, limits movement of water and bacteria through the shell pores (Rose-Martel, Du and Hincke, 2012) . Bacterial pathogens may enter the egg through micro-cracks in defective eggshell, or through the natural respiratory pores that traverse the eggshell (Rose-Martel and Hincke, 2015) . The pore openings on the surface of the eggshell are normally covered by the proteinaceous cuticle, which extends into pores up to 50 μm to restrict bacterial access (Sparks and Board, 1984) . For food safety, it is critical for an eggshell to have an intact cuticle. The chemical composition of the eggshell cuticle also plays an important role in limiting bacterial contamination. Recent studies have identified several cuticle proteins, such as ovocalyxin-32 (OCX-32), ovocalyxin-36 (OCX-36), , and clusterin and lysozyme C, which exhibit antimicrobial activity against pathogens (Hincke et al., 2000; Gautron et al., 2001; Chien et al., 2008) .
Washing and sanitization of eggshells with chemicals, including sodium carbonate, cetylpyridinium chloride, and sodium hypochlorite, can cause cuticle damage (Favier et al., 2000; Gole et al., 2014) . Regulatory restrictions on egg washing varies in different countries; for example, in the United States, Australia, and Japan, egg washing is a required, routine, and established practice. In these countries, consumers consider egg washing as safe and as an essential part of the hygienic production of eggs. Growing public awareness of food safety issues has altered consumer perception of egg quality. Their interest has shifted from clean shell and physical properties to that of microbial integrity of an egg (Hutchison et al., 2004) . On the other hand, washing of table eggs is currently forbidden within the European Union, as Regulation (EC) No 589/2008 (CEC, 2008 , as it could damage or partially remove the cuticle and cover up poor husbandry and hygiene standards (EFSA, 2005) .
The cuticle properties and quality are influenced by several factors, including genetics of hen, diet, housing, and egg processing (Board and Halls, 1973; Bain et al., 2013; Rodriguez-Navarro et al., 2013) . It is clearly important to maintain the integrity of the cuticle for the food safety of table eggs; for this reason, we have studied the effect of egg washing and processing on cuticle properties. In particular, we have compared the chemical composition of the eggshell cuticle and structure of pore plugs of washed (graded) and unwashed (ungraded) eggs collected from brown and white egg laying Lohmann flocks of different ages: early (20/21 to 28/29 wk), mid-lay (46, 47, 48 wk), and late (66, 67, 70 wk), in order to discern the impact of such factors on cuticle quality. To our knowledge, this is the first study to characterize cuticle pore plugs in eggshells based on structure, morphology, and elemental composition, in the context of the changes that occur with hen age and commercial washing.
MATERIALS AND METHODS
Cuticle blue was purchased from MS Technologies Ltd., Northamptonshire, UK. All other chemicals used in this study, unless indicated otherwise, were purchased from Sigma Aldrich (Oakville, ON, Canada) or Thermo Fisher Scientific (Waltham, MA). Eggs were provided by Burnbrae Farms (Lyn, Ontario, Canada) from Lohmann white and brown hens at the following ages: early (28 to 29/20 to 21 wk), mid (46,47,48 wk), and late (66, 67, 70 wk) . Eggs were either unwashed or washed in a standard commercial egg washing unit using caustic detergent, NaOH at 0.5 to 1.0% v/v. A total of 30 eggs was randomly collected from each group for cuticle staining and Fourier transform infrared spectroscopy (FTIR) analysis. Additionally, 3 eggs were collected from similar age groups for scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS).
All eggs were visually inspected, and only intact eggs with no cracks or pin-holes were included in the analyses. Internal contents of each egg were removed through a small hole made at the sharp pole of each egg using a Dremel high-speed rotary tool (Jobmate, Cannock, Staffordshire, UK). The interior of the shell was washed once with PBS (pH 7.5) and then 3 times with sterile distilled water (pH 7.4), and dried at room temperature. Care was taken to avoid washing the outer egg surface. To avoid bias, all eggs were randomized prior to analysis. Eggs were stored at −20
• C before experimental analysis.
Crystal Violet Staining
Cuticle proteins in the pores and plugs were visualized using crystal violet (CV) staining, with the following intentions:
Evaluate Difference in the Density/Frequency of Pores Among Sharp, Blunt, and Equatorial Regions. The interior of each eggshell was pretreated with EDTA (0.5 M, pH 7.5, 2 to 3 h) or bleach (0.268 M Na hypochlorite, 30 min) to dissolve the shell membranes. A solution of 1% CV stain was applied by filling the intact egg with the solution of CV for 10 minutes.
Visualize Pores and Plugs. The interior of random fragments of eggshells from the blunt end were carefully pretreated with EDTA (0.5 M, 3 h) and then stained with a solution of 1% CV stain for 60 minutes.
Measure Pore Plug Area on the Outer Surface of Eggs. Stained eggshell fragments were cross-fractured to visualize the edge of pores and plugs.
Either EDTA or bleach pre-treatment improved the diffusion of CV stain from the interior of the egg through the pores. The stained shells were washed with water to remove excess stain, dried, and broken into 10 to 15 sq. mm pieces. The outer shell surface and cross fractured surfaces were visualized in bright field to locate cuticle pore plugs using a stereo microscope (Zeiss Stereo Discovery.V20, Oberkochen, Germany). ImageJ software was used to measure plug area and pore width. Plug area was measured as the minimum stained area of each pore (n = 90) on the outer surface of the eggshell. Pore width was measured as the maximum cross sectional diameter of the pore on the cross-fractured surface of the eggshell.
Scanning Electron Microscopy
Cuticle pore plugs on the cross-fractured egg shell fragments (n = 3/egg, 10 to 15sq. mm) were visualized using SEM (TeScan Vega-II XMU, Brno -Kohoutovice, Czech Republic) at 20 kV. Elemental analysis was done using EDS (INCA Energy 250, Oxford Instruments, Abingdon-on-Thames, UK), following carbon coating at the Nano Imaging Facility, Carleton University, Ottawa, ON. For each hen age group, a total of 9 cuticle pore plugs from 3 eggs was analyzed.
Cuticle Staining for Quality
Cuticle blue staining was performed to assess the quality and degree of coverage of the eggshell cuticle as before (Rodriguez-Navarro et al., 2013) . Staining was carried out by immersing each egg in a solution of 1% Cuticle blue stain in water for 5 minutes. The shell surface was rinsed in water to remove excess dye before drying. Due to its strong affinity for proteins, the intensity of green cuticle staining on eggshell surface was proportional to cuticle coverage. A Konica Minolta spectrophotometer (CM-2600d) was used to quantify the cuticle on 3 randomly selected zones of every eggshell surface, using the "L * , a * , b * " color space. L * denotes a maximum of 100 (white) and a minimum of 0 (black). For a * , green is towards the negative end of the scale and red towards the positive end. For b * , blue is towards the negative end and yellow towards the positive end of the scale. The average L * , a * , and b * values, before and after staining, were calculated per egg and used to calculate ΔE * ab . A higher ΔE * ab denotes a higher staining intensity and hence greater thickness of cuticle:
Infrared Spectrometry
The cuticle composition of each egg was analyzed by infrared spectroscopy as described previously (Rodriguez-Navarro et al., 2006) . Briefly, the outer surface of each intact fragment of eggshell was pressed against the ATR diamond crystal window and the IR spectra recorded at a 2 cm −1 resolution using a FTIR spectrometer (model 6200, JASCO Analytical Instruments, Tokyo, Japan). The amounts of water, proteins, sulfate, phosphate, carbonate, polysaccharides, and lipids were calculated using the area of absorption peaks associated with a characteristic molecular group of each component (e.g., water: O-H; lipids or fatty acids: C-H; proteins: amide bond; mineral carbonate bond; sulfates: S-O; phosphates: P-O; sugars/polysaccharides: C-O-C). Overlapping peaks were resolved and their integrated areas measured using a specially designed curve-fitting software. The calculated peak areas of the main bands were normalized to the total area of the spectrum. The most important peaks in the FTIR spectra include a broad band from 3,700 to 2,500 cm −1 , associated with OH and amide A groups from water and proteins; 2 peaks centered at about 1,633 cm −1 and 1,540 cm −1 , associated with protein amide I and amide II groups; a peak centered at about 1,390 cm −1 , associated with carbonate groups from eggshell calcite crystals; and a broad band from 1,100 to 990 cm −1 , associated with polysaccharides. The occurrence of a weaker band at about 1,240 cm −1 , associated with sulfate bonds, suggested that the polysaccharide moieties had some degree of sulfation. There were other minor bands in the spectra at about 2,918 cm −1 , associated with C-H groups from lipids, and peaks at 1,447 and 1,410 cm −1 , associated with carboxylate groups from amino acid residues. Total cuticle was represented as sum of proteins: amide bond; sulfates; phosphates; sugars/polysaccharides (Rodriguez-Navarro et al., 2013).
Statistical Analyses
Basic descriptive statistics were used to characterize cuticle pore plugs. A one-way ANOVA and Student's t test were used to compare cuticle properties between the different groups of samples analyzed. Data showing a normal distribution were compared using ANOVA. Tukey's procedure was used to compare the differences between the least square means. The standard deviation (SD) was reported with the mean values. The significance level chosen for all analyses was P < 0.05. All statistical analyses were performed using the software package MINITAB 17 (PA, USA).
RESULTS

Staining of Cuticle Protein in Pores and Plugs
The cuticle pore plugs were visualized in the washed and unwashed, brown and white eggs from 28/29, 48, and 70-week-old hens. For each condition, 9 samples (3 eggs × 3 fragments/egg) were examined to determine the variability within each egg and among different replicates of eggs. CV staining showed that the number of pores significantly varied among the regions of the eggshell, with highest density on the blunt end of the egg. Hence, an intact piece of eggshell (10 to 15 sq. mm) taken from the blunt end of the egg was examined to visualize the cuticle pore plugs. Stereomicroscopic images of the cross-fractured eggshell showed that the plugs are formed by extension of the cuticle layer into the eggshell pore ( Figure 1A and B) . Stained pore plugs present on the outer surface of eggshell were irregular in shape ( Figure 1C ). There were no interactions between the bird age and egg color on pore plug area and pore width ( Figure 1D and E). A trend of smaller plug area was observed in eggs obtained from younger birds of age 20/21 wk ( Figure 1D and E).
Visualization of Pore Plugs
SEM images revealed the morphology/ultrastructure of pore plugs. Pore plugs were wider towards the exterior surface (average size) and gradually tapered toward the interior surface of the eggshell, resembling an elongated conical structure. At 48 wk, ungraded brown eggs had significantly thicker (P = 0.001, n = 9) pore plugs (47.6 ± 2.76 μm) than the white eggs (37.5 ± 0.79 μm) ( Table 1 ). In eggs from hens at 48 wk of age, eggshell thickness and cuticle pore length visualized in ungraded brown eggs were significantly higher (P = 0.001 and 0.004, respectively, n = 9) than in white eggs (Table 1) . No significant interactions were observed between bird age and pore plug parameters.
Pore Plug Elemental Composition
A sub-set of samples was used for EDS analysis; the inner surface of the pore plug was consistently found to be chemically different from the surrounding eggshell mineral. Analysis of the cross-fractured surface of eggshell showed that pore plugs were enriched in phosphorous, sulfur, and magnesium, and had low calcium signal. In contrast, eggshell mineral had significantly higher calcium with no phosphorous, magnesium, or sulfur (Figure 2A ). This was consistent in all eggshells obtained from different conditions/treatments. The phosphorus and magnesium content (%) in the pore plugs of ungraded white eggs was significantly higher than ungraded brown eggs at wk 48 (P ≤ 0.05, n = 9) ( Figure 2B and C) . No interactions were observed among the percentages of other elements, including sulfur and evaluated conditions, such as bird age and egg white/brown shell color ( Figure 2D ). However, a trend of reduced phosphorous content was observed in the pore plugs with increasing hen age ( Figure 2B ). 
Shell Cuticle Quality
Both white and brown eggs were stained green using cuticle blue dye. Differences in degree of staining were observed in white eggs depending on the amount of cuticle. Washing of eggs removed cuticle from the eggshell surface (Figure 3 ). Unwashed stained eggs had significantly higher ΔE * ab values than washed eggs at 20/21, 46/47, and 66 wk (P ≤ 0.05, n = 30) (Figure 3 ). There was a trend of lower cuticle coverage with hen age, but only in white eggs ( Figure 3B ).
Cuticle Chemical Composition
The chemical composition of cuticle and its abundance was determined by analyzing the surface of eggshell by ATR-FTIR spectrometry. Chemical components of cuticle, including proteins, polysaccharides, lipids, and carbonate, were found to be highly dependent on hen age. Older hens (66/67 wk) had significantly less cuticle and more carbonate (mineral) signal (P ≤ 0.05, n = 30) in unwashed eggs compared to eggs laid by young hens (20/21 wk) ( Figure 4A and B) . Moreover, there was a reduction in the intensities of amides (protein) and phosphates/polysaccharides in the cuticle of brown unwashed eggs with increased hen age ( Figure 4C and F) . The amount of lipids increased at mid-lay and then decreased, reaching its lowest in brown unwashed eggs from old hens ( Figure 4D ). In white ungraded eggs, amides and lipids decreased with hen age; in contrast, the amount of sulfate was maximal at mid-lay ( Figure 4E ).
DISCUSSION
An intact cuticle, together with eggshell and eggshell membrane, is an effective physical and chemical barrier against bacterial contamination of the egg . Previously, cuticle quality, coverage, and its role to resist microbial colonization and penetration have been well documented (Bain et al., 2013; Muñoz et al., 2015; Rose-Martel and Hincke, 2015) . The present study characterized the chemical composition of the eggshell cuticle and structure of pore plugs in table eggs. Additionally, the influences of factors including hen age, egg color, and the commercial washing process on eggshell cuticle and pore plugs were determined.
CV staining showed that the density of pores varied significantly among different regions on eggshell with highest abundance on the blunt end of the egg. Similar observations have been described previously (Tyler, 1953; Solomon et al., 1994) . Stained plug area on the eggshell outer surface showed a trend of smaller plug area in eggs from younger hens. This could be due to significantly lower egg weight in younger birds (brown, 57.2 ± 1.01 g; white, 57.7 ± 0.34 g; P = 0.005), as compared to older age birds (46/47 wk, brown, 60.7 ± 0.40 g; white, 60.1 ± 0.92 g; 65/66 wk, brown, 61.63 ± 1.28 g; white, 62.96 ± 1.15 g). Functional pore area has been previously shown to positively correlate with egg weight, size, and pore number (Riley et al., 2014; Iqbal et al., 2016) . Experimentally, it is challenging and time consuming to identify a cuticle plug upon an unmodified eggshell surface. Staining with CV improved the ease of identification and visualization of pore plugs on the cross-fractured eggshell surface. Visualization of stained samples under SEM showed that bleach pretreatment of the eggshell affected the size and shape of the cuticle pore plugs. Moreover, elemental analysis by EDS revealed that the chlorine concentration was higher (6.10%) in the stained eggshells pretreated with CV and bleach. This artifact could interfere with detection of other elements, including phosphorus in the cuticle plugs. Hence, unstained eggshells were used for the visualization of cuticle pore plugs under SEM.
SEM showed that the plug formed by the cuticle layer within the eggshell pore remains firmly lodged throughout the commercial washing process in both white and brown eggs from hens at all ages. Washing of eggs removed surface cuticle from the egg; moreover, the quality (amount) of cuticle declined with increasing hen age (Figure 3 ). This indicates that pore plugs are likely more stable with respect to the above traits and can compensate for cuticle loss or poor cuticle coverage to provide more durable protection to the egg against invading pathogens. SEM also showed a depression on the outer surface of each pore plug, which could arise as a result of its origin from surface cuticle. At oviposition, the cuticle is a thick viscous liquid and does not mature until a few h later (around 6 h) (Sparks and Board, 1985) . Hence, it is possible that pore plugs remain empty until oviposition and become filled with cuticle proteins during maturation and drying because of the change in temperature and negative inward suction pressure upon the coating of cuticle immediately after oviposition (Cooke and Balch, 1970; Rodriguez-Navarro et al., 2013) . A detailed future study to evaluate the localization of antimicrobial proteins in cuticle and pore plugs will be necessary to provide insight into possible correlations between cuticle and pore plug proteomes.
SEM-EDS has been previously used to evaluate avian eggshell and cuticle quality; however, little is known about cuticle pore plug properties (Cusack et al., 2003; Dominguez-Gasca et al., 2017) . SEM-EDS revealed that pore plugs were enriched in phosphorous, sulfur, and magnesium and had lower calcium content reflecting reduced calcite content. In contrast, adjacent eggshell mineral had undetectable levels of phosphorous, magnesium, and sulfur; thus, pore plugs are structurally and chemically distinct from eggshell and are more similar to the cuticle layer. Previous studies have shown that cuticle can be structurally differentiated into an outer layer rich in proteins and inner layer rich in sulfated polysaccharides and phosphates (Rodriguez-Navarro et al., 2013) . There was an increasing trend in the sulfur level in the graded white eggshells with hen age. This could be due to the diffusion of sulfated polysaccharide components from the inner cuticle. Washing of eggs might have removed outer surface cuticle, exposing the inner part. Previous studies have shown a gradient in the chemical composition of the cuticle, where the outer layer is rich in proteins and the inner layer is more abundant in polysaccharides (Rodriguez-Navarro et al., 2013) . As the cuticle becomes thinner or dries, the inner layer of sulfates-associated polysaccharides is exposed, thus contributing more to the detection percentage of sulfur. Most of the phosphate in the inner cuticle is in a non-crystalline form as phosphoproteins (Hincke et al., 2000; Gautron et al., 2001; Chien et al., 2008) . Thus, it can be inferred that pore plugs are more chemically similar to the inner cuticle layer and also might contain high levels of antimicrobial phosphoproteins including ovocalyxyin-32. In addition, EDS analysis also revealed that phosphorous content of the surface cuticle (3.37 ± 0.11%) was comparable to that of pore plugs (3.24 ± 0.02) in ungraded brown eggs (21 wk).
ATR-FTIR analysis of cuticle showed that amounts of proteins, phosphates, polysaccharides, lipids, and degree of shell mineral exposure (carbonates) were highly dependent on hen age. Our findings indicate that eggs from younger hens had better cuticle quality and higher protein signals. In contrast, older eggs had a very thin cuticle, indicating that the amount of proteins coating the eggshell surface decreased while the underlying carbonate mineral became more exposed on the eggshell surface. This confirms previous observations that cuticle coverage and chemical composition are dependent on hen age and the commercial washing process (Rodriguez-Navarro et al., 2013) . Higher intensities of polysaccharide peaks also suggest a greater degree of glycosylation of cuticle proteins in eggs from younger hens (Rodriguez-Navarro et al., 2013) . In unwashed brown eggs, lipids in cuticle increased from early to midlay and then decreased in eggs from old hens. Moreover, the lipid level was high in both graded and ungraded brown shell eggs at the hen age of 46/47 wk compared to white eggshell. This could suggest a better antimicrobial protection of brown eggshell as compared to white eggshell. Lipid constitutes 3% of the organic cuticle, and its extracted components have shown potent antimicrobial activity (Wellman-Labadie et al., 2010) . Lipid components are mostly localized on the outer eggshell surface and represent the first line of defense of the avian egg against bacterial contamination. Lipid components can interact with the bacterial lipid bilayer, thereby adopting an active conformation to mediate microbial invasion of eggs (Wellman-Labadie et al., 2010) . Also, brown eggs from older hens (66/67 wk) could have reduced cuticle antimicrobial properties due to lower lipid content. In white ungraded eggs, amides and lipids decreased with hen age, and, by contrast, the amount of sulfate was highest at mid-lay. This could be due to the compositional gradation of the cuticle where the outer part is abundant in proteins and the inner part is richer in sulfated polysaccharides. In white eggs, as the cuticle became thinner with age, the inner layer of sulfated polysaccharides contributes more to the IR spectra (Rodriguez-Navarro et al., 2013).
To conclude, this study demonstrates that the commercial washing process can wear away some of the outer surface cuticle; however, the protein that acts as the cuticle plug is still intact and would continue to block bacteria from entering through the respiratory pores. In North America, table eggs are washed during grading, hence, our finding that pore plugs can withstand commercial washing should inspire consumer confidence in the important egg producing industry. A combination of various analytical techniques, such as SEM, EDS, and stereomicroscopy, characterized the cuticle and pore plugs at the micro scale, and ATR-FTIR evaluated chemical composition and quality of cuticle at the mm range. This study also shows that cuticle composition and chemistry are influenced by hen age and the commercial washing process. This information could be beneficial for evaluation and control of egg contamination in poultry processing plants. Also, results from this study could help breeders to genetically select for egg with optimum cuticle coverage and egg quality for better food safety. Genes control several responses including behavioral, physiological, and immunological responses of animal to stressors, including environmental stimulations. Because of advances in understanding of genetic mediation of animal physiology, behavior, and production efficiency, as well as the discovery of the genome sequences, animal production breeding programs can be progressed with speed and efficiency. Currently, one of the main targets of the laying hen breeder industry is to develop persistency in lay and the concept of the "long life" layer, capable of producing 500 eggs in a laying cycle of 100 wk (Hyline international, 2014). Egg quality and health of the birds are 2 important criteria to achieve this target. Hence, our findings on shell cuticle quality could help the breeding industry to set guidelines to reach such targets (Bain et al., 2016) . Further studies are required to evaluate the localization of cuticle and pore plug antimicrobial proteins, and their mode of action in maintaining egg quality and preventing egg contamination.
